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Abstract
The FRS Ion Catcher at GSI enables precision experiments with thermalized projectile and
fission fragments. At the same time it serves as a test facility for the Low-Energy Branch
of the Super-FRS at FAIR. The FRS Ion Catcher has been commissioned and its perfor-
mance has been characterized in five experiments with 238U and 124Xe projectile and fission
fragments produced at energies in the range from 300 to 1000 MeV/u. High and almost
element-independent efficiencies for the thermalization of short-lived nuclides produced at
relativistic energies have been obtained. High-accuracy mass measurements of more than
30 projectile and fission fragments have been performed with a multiple-reflection time-of-
flight mass spectrometer (MR-TOF-MS) at mass resolving powers of up to 410,000, with
production cross sections down to the microbarn-level, and at rates down to a few ions per
hour. The versatility of the MR-TOF-MS for isomer research has been demonstrated by the
measurement of various isomers, determination of excitation energies and the production
of a pure isomeric beam. Recently, several instrumental upgrades have been implemented
at the FRS Ion Catcher. New experiments will be carried out during FAIR Phase-0 at GSI,
including direct mass measurements of neutron-deficient nuclides below 100Sn and neutron-
rich nuclides below 208Pb, measurement of β-delayed neutron emission probabilities and
reaction studies with multi-nucleon transfer.
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1 Introduction
At the FRS Ion Catcher (FRS-IC) [1] precision experiments with thermalized exotic nuclei
can be performed. The fragments are produced by projectile fragmentation or fission at
relativistic energies, separated in-flight and energy-bunched in the fragment separator FRS
[2]. With the FRS-IC (Fig. 1) these fragments are then slowed down and thermalized in a
cryogenic stopping cell (CSC) [3]. A multiple-reflection time-of-flight mass spectrometer
(MR-TOF-MS) is used to perform direct mass measurements and to provide an isobari-
cally and isomerically clean beam for further experiments, such as mass-selected decay
spectroscopy [4, 5]. A versatile RF quadrupole (RFQ) beam line guides the ions from the
CSC to the MR-TOF-MS, provides differential pumping, ion identification and mass sep-
aration and includes reference ion sources. The FRS-IC serves as a test facility for the
Low-Energy Branch (LEB) of the Super-FRS and already now enables a variety of new
precision experiments in FAIR Phase-0.
2 Recent results and instrumental upgrades
The FRS-IC has been commissioned and its performance has been characterized in five
experiments with 238U and 124Xe projectile and fission fragments produced at energies in
the range from 300 to 1000 MeV/u. For the first time, a stopping cell for exotic nuclei was
operated on-line at cryogenic temperatures. Using a gas density almost three times higher
than ever reached before for a stopping cell with RF ion repelling structures, various short-
lived nuclei were thermalized and extracted [1, 6, 7]. Ion survival and extraction efficiencies
of more than 60% have been achieved for different elements, including noble gases (e.g.
Rn) as well as highly chemically reactive elements (e.g. Th), see Fig. 2. This demonstrates
the universality of the method. A combined ion stopping, survival and extraction efficiency
of up to 30% and an extraction time of about 25 ms have been measured. Furthermore, the
rate capability of the CSC has been investigated [8].
Direct mass measurements of several short-lived nuclides with half-lives down to 2 ms,
with production cross sections down to the microbarn-level, at rates down to a few ions per
hour, and for as few as 11 detected ions per species have been performed with the MR-
TOF-MS [9–14]. Mass resolving powers of up to 410,000 have been achieved, the highest
resolving power obtained hitherto online with an MR-TOF-MS. In total for more than 30
short-lived nuclei the ground state masses have been determined and various isomeric states
have been measured. A data evaluation procedure for MR-TOF-MS data has been developed
that allows achieving high mass measurement accuracies even for a few detected ions only
and for overlapping mass peaks, e.g. due to low-lying isomers. The error budget of the mea-
surement with the MR-TOF-MS has been investigated; relative mass uncertainties down to
6×10−8 have been achieved. Furthermore, the FRS-IC has been shown to be an ideal setup
to search for long-lived isomers with half-lives longer than a few microseconds, because it
is universal, i.e. independent of element and decay mode of the nuclides, faster than most
other mass spectrometry techniques for exotic nuclides, very sensitive (non-scanning), has
a high mass resolving power, a large dynamic range and is broadband in nature, i.e. it can
measure all isobars and isomers of several mass units in parallel. Moreover, the isomers can
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Fig. 1 Schematic view of the setup of the FRS Ion Catcher at the final focal plane of the FRS. The beam
enters the setup from the FRS from the left and passes the detectors for the particle identification in the FRS
and a variable degrader, which is used to adjust the range of the ions. The ions are then thermalized in the
CSC, extracted and transmitted through the RFQ beam line to the MR-TOF-MS
84 85 86 87 88 89 90
0
20
40
60
80
100
211
Po
220
Ra
221
Ac
S
u
r
v
iv
a
l
a
n
d
e
x
tr
a
c
ti
o
n
e
ff
ic
ie
n
c
y
Element Number
223
Th
219
Rn
Fig. 2 Measured ion survival and extraction efficiencies with the cryogenic stopping cell of the FRS-IC for
different elements produced by in-flight fragmentation of 238U at 1 GeV/u
be spatially separated from the ground state and an isomerically clean beam can be provided
to experiments, e.g. for decay spectroscopy [5].
Recently, the FRS-IC has been upgraded in several aspects. In particular, (i) in the CSC
the electrode structure and the connections have been revised to increase the operational
reliability and to allow for higher extraction field strengths and thus shorter extraction times.
(ii) A new pre-pump allows operation of the turbo-molecular pumps on the RFQ beam line,
which serves as first differential pumping stage behind the CSC, at higher pressures. (iii)
An extension of the RFQ beam line has been developed and commissioned, which includes
a dedicated RFQ mass filter and a laser ablation ion source for providing ions for mass
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calibration [15]. The upgrades (ii) and (iii) in combination allow the operation of the CSC
with heavy ions at higher areal densities of up to 10 mg/cm2 [16].
3 Science case of the FRS Ion Catcher for FAIR Phase-0
After the successful commissioning of the FRS-IC and its upgrade, dedicated physics exper-
iments will be performed in the coming years. Four experiment proposals for experiments
in FAIR Phase-0 have been submitted to the program advisory committee of GSI and
approved. They are discussed in the following.
3.1 Direct mass measurements of neutron-deﬁcient nuclides below 100Sn
The nuclides on or in the vicinity of the N=Z line below 100Sn are of high interest because
of a multitude of physics questions, among them isospin symmetry, mirror nuclei, and the
Wigner energy in N=Z nuclei [17, 18], the region of nuclear deformation in the vicinity of
80Zr [19], the high-spin isomer in 94Ag [20, 21], and the rp nucleosynthesis process [22].
Mass measurements of N=Z and N=Z+1 nuclides in the element range from Y to Ag will
be performed with the FRS-IC; for many of these nuclides they will provide experimental
mass values for the first time (Fig. 3) [23]. The nuclei will be produced by projectile frag-
mentation of 124Xe and 107Ag. Since the elements in the range from Zr to Rh are refractive,
these nuclei can be ideally produced and separated in-flight.
The use of very thick targets ( 4 g/cm2; d/R > 0.5, where d is the target thick-
ness and R the range of the ions in matter) will be investigated, which should increase
yields by multi-step fragmentation reactions and enable access to more exotic nuclides at
the FRS-IC and the LEB of the Super-FRS, making optimum use of the high primary beam
energies.
Furthermore, in the experiment, the recent instrumental upgrades of the FRS-IC and
developments for the CSC of the LEB of the Super-FRS will be commissioned online,
including the pumping and He recycling unit and the gas purification techniques to be used
with the CSC of the Super-FRS as well as the controlled manipulation of charge states of
the thermalized ions in order to further increase the overall efficiency [24].
3.2 Direct mass measurements of neutron-rich nuclides below 208Pb
The region along the N=126 line below 208Pb has been identified as a region of key interest
for the NUSTAR collaboration at GSI/FAIR; generally it is of high interest for nuclear
structure studies and for nuclear astrophysics applications. An experiment will be performed
with the FRS to extend the frontiers of known isotopes in this region and to obtain nuclear
structure data on gross properties [26]. New neutron-rich isotopes will be produced and
identified in the element range between Tb and Re using projectile fragmentation of 208Pb
and their production cross sections will be measured. At the same time, masses and life
times will be determined (Fig. 4). The beam time will thus be used very efficiently by the
simultaneous use of several detection systems and the multiple use of the same ions. The
mass measurements will be performed employing the FRS-IC; the new mass values will be
highly relevant for the third peak of the r process.
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Fig. 3 Section of the chart of the nuclides showing the region of interest below 100Sn and the uncertainty of
mass values in the elemental range from Y to Ag (in keV). For nuclides shown in red the mass has not been
measured yet [25]. Left: Expected charge states of the ions extracted from the CSC and range of refractory
elements in this region
3.3 Measurement of β-delayed neutron emission probabilities
Measured probabilities for β-delayed neutron emission provide important input for the
understanding of the astrophysical r process, for nuclear structure models, and for con-
trol of nuclear reactors [27]. Data for β-delayed neutron emission probabilities are scarce,
especially for multiple-neutron emission [28]. Therefore, there are several world-wide cam-
paigns to bridge this data gap, mostly by counting β-delayed emission n-β coincidence
events [29]. Other proposed methods count the recoil nuclides via gamma spectra [30],
time-of-flight [31] or particle detectors in a storage ring [32].
It has been proposed to use a series of stopping cells and MR-TOF-MSs for measure-
ment of β-delayed neutron emission probabilities [33]. We have employed a similar method,
however with only one stopping cell and MR-TOF-MS, to perform a proof-of-principle
measurement of branching ratios for β- and γ -decays with the FRS-IC [14]. In FAIR-Phase-
0, this method will be used for the measurement of β-delayed neutron emission probabilities
[34] (Fig. 5). The nuclides of interest are produced and separated with the FRS, thermalized
and stored in the CSC for periods long enough for them to decay. After extraction from the
CSC, the precursor and recoil isotopes are identified and counted using the MR-TOF-MS.
The masses of the precursor and all recoils are measured simultaneously with an accuracy
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Fig. 4 Section of the chart of the nuclides below 208Pb indicating the nuclides to be measured. Black: stable
nuclei; green: neutron deficient nuclei; dark brown: isotopes with known half-lives and masses; salmon:
nuclei with known half-lives; red: nuclei with known mass; grey: already discovered isotopes; red borders:
new isotopes from this proposal; pink squares: proposed half-live measurements; blue squares: proposed
mass measurements
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Fig. 5 Upper panel: Scheme of method proposed to measure probabilities for β-delayed neutron emission.
A β2n decay of 137Sb in the CSC is depicted. Lower panel: Expected spectrum in the MR-TOF-MS, when
storing the precursors in the CSC for two 137Sb half-lives
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that enables their unambiguous identification. Ratios between the measured abundances of
the recoil isotopes infer the β-delayed emission probabilities for one and multiple neutrons.
The method has the same efficiency regardless of the number of neutrons, is independent of
nuclear models, has practically no background, and is sensitive to isomers. First measure-
ments will be performed for 135−137Sb and 142I, the heaviest and highest Z β2n precursor
measured yet, setting the stage for a survey of β-delayed neutron emission, including the
N ∼ 126 region.
3.4 Reaction studies withmulti-nucleon transfer
Experiments with radioactive ion beams at Coulomb barrier energies represent a new field
for reaction studies, which will contribute to a better understanding of multi-nucleon transfer
(MNT), deep inelastic, fusion-fission and complete fusion reactions. One of the main goals
of these experiments is to access new neutron-rich heavy and super-heavy isotopes, not
reachable in fission or fragmentation reactions [35]. Slowed-down rare ion beams of all
chemical elements, including refractory elements, independent of their chemical properties,
are available at the FRS and Super-FRS. Their optimum use requires a new philosophy for
experiments and instrumentation [36]. For instance, MNT reactions inside the CSC of the
FRS-IC are a unique and novel method that is very sensitive, clean, universal and has a high
angular acceptance for the reaction products [37]. It is planned to mount several different
targets for MNT reactions on a wheel, which will be installed in the stopping volume of
the CSC. The identification and quantification of the reaction products will be performed
by the MR-TOF-MS. This approach will pave the way for broad-range measurements with
primary and secondary beams.
In a first experiment, MNT reaction studies will be performed with a 500 MeV/u 238U
primary beam slowed-down to Coulomb barrier energies impinging on different targets. It is
expected that more than 150 cross sections and 15 new masses of neutron-rich nuclides can
be measured (Fig. 6). The cross sections will be used to benchmark reaction models. The
nuclides to be measured are important for the rare earth abundance peak in the r process as
well as for the understanding the properties of fissioning nuclei involved in the r process.
4 Summary and outlook
The FRS Ion Catcher enables precision experiments with thermalized exotic nuclei. It has
been commissioned in five experiments with 238U and 124Xe projectile and fission frag-
ments. The setup has high and almost element-independent efficiencies. High-accuracy
mass measurements of exotic nuclei in ground and low-lying isomeric states can be per-
formed even with a few detected ions only. More than 30 short-lived ground state masses
have been measured with relative mass uncertainties down to 6×10−8. The excitation ener-
gies of various isomers and isomeric ratios have been determined, and, for the first time,
an isomeric beam was prepared using an MR-TOF-MS. The unique combination of perfor-
mance parameters make the FRS Ion Catcher the system of choice for measuring the masses
of very exotic nuclei and for the search for new long-lived isomeric states. This is the basis
for a broad scientific program in FAIR Phase-0, which includes mass measurements of N=Z
nuclides below 100Sn and nuclides for the third peak of the r process, measurements of
beta-delayed neutron emission probabilities, and the investigation of multi-nucleon transfer
reactions.
   73 Page 8 of 11 Hyperﬁne Interact          (2019) 240:73 
Fig. 6 Calculated production cross-sections [38] for 238U on 164Dy. Upper panel: target-like fragments
(TLF); lower panel: projectile-like fragments (PLF). The estimated sensitivity limit will be about 0.1 mbarn
Based on the experience with the FRS Ion Catcher, the development of the cryogenic
stopping cell for the Low Energy Branch of the Super-FRS is underway [24, 39]; it will
feature even higher stopping and thermalization efficiencies, shorter extraction times and
higher rate capability.
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